Ϫ i ) must the transmembrane anionic concentration gradient be the principal determinant of the variability of the rest-(᭞ anion ). ᭞ anion was genetically altered in cultured dorsal ing ᭞ anion among different classes of neurons.
root ganglion neurons via adenoviral vector-mediated
In pyramidal neurons, electroneutral Cl Ϫ cotransportexpression of ClC-2, a Cl Ϫ channel postulated to reguers pump Cl Ϫ out of the cell so that EGABA is negative to late the Cl Ϫ concentration in neurons in which GABA A RMP (Misgeld et al., 1986 ; Thompson and Gä hwiler, receptor activation is predominantly inhibitory. ClC-2 1989; Alvarez- Leefmans, 1990 ). However, in the classes expression was verified by the presence of the approof neurons in which GABA A receptor activation is depopriate mRNA, protein, and membrane conductance.
larizing, electroneutral Cl Ϫ cotransport pumps Cl Ϫ into ClC-2 expression resulted in a large negative shift in the neuron (Nicoll and Alger, 1979; Misgeld et al., 1986 ; the Cl Ϫ equilibrium potential (ECl) that attenuated the Alvarez-Leefmans et al., 1988; Rohrbough and Spitzer, GABA-mediated membrane depolarization and pre -1996) . Intracellular Cl Ϫ accumulation leads to an E Cl that vented GABA A receptor-mediated action potentials.
is 50 mV positive to RMP in DRG neurons (AlvarezThese results establish that gene transfer of trans- Leefmans et al., 1988; Rohrbough and Spitzer, 1996 ) membrane ion channels to neurons can be used to and as much as 20 mV positive to RMP in dentate gyrus demonstrate their physiological function, and that granule cells (Misgeld et al., 1986; Mody, ᭞ anion can be genetically manipulated to alter the func-1992; Soltesz and Mody, 1994) . tion of neuronal GABA A receptors in situ.
Neurons with outward Cl Ϫ cotransport also express a conductive Cl Ϫ channel, ClC-2 (Thiemann et al., 1992) , Introduction which is not expressed in neurons with inwardly directed Cl Ϫ transporters (Staley, 1994; Smith et al., 1995) . ClC-2 The transmembrane concentration gradients for sobelongs to the nine-member ClC family of cloned and dium, calcium, and potassium do not vary significantly voltage-gated mammalian Cl Ϫ channels (Jentsch et al., between classes of excitable cells (Cohen and de Weer, 1995) . ClC-2 is an inwardly rectifying Cl Ϫ conductance 1977; Puzzan et al., 1996) . In contrast, ᭞ anion varies widely (Thiemann et al., 1992; Staley, 1994) that activates at in different classes of neurons. In pyramidal cells of the membrane potentials more negative than E Cl , so that mammalian cortex, the resting ᭞ anion favors net anionic Cl Ϫ can flow out of, but not in through, ClC-2 (Staley, influx at resting membrane potential (RMP) (Misgeld et 1994; Smith et al., 1995) . Because the conductance is al., 1986; Thompson and Gä hwiler, 1989) , so that openlarge and does not display time-dependent inactivation, ing the anion-selective GABAA ionophore results in accuit is well suited to stabilize E Cl near or below RMP. That mulation of intracellular negative charge and neuronal is, cytoplasmic Cl Ϫ accumulation to a degree that causes membrane hyperpolarization, a process that represents E Cl to be positive to RMP (such as may occur during the principal mechanism of synaptic inhibition (Kaila, synaptic GABA A receptor activation [Wong and Watkins, 1994; Thompson, 1994; Olsen and MacDonald, 1994) .
1982; Thompson and Gä hwiler, 1989; Staley et al., 1995] ) However, several classes of neurons are strongly depoactivates ClC-2, permitting Cl Ϫ efflux until ECl equals larized by GABA A receptor activation, including imma-RMP. ture neurons (Cherubini et al., 1991; LoTurco et al., 1995;  We had previously suggested that the physiological Obrietan and van den Pol, 1995) , some interneurons function of ClC-2 in neurons is stabilization of ᭞anion, but (Michelson and Wong, 1991), some types of principal this hypothesis was based on the effects of blocking ClC-2 with zinc and protein kinase C (PKC) activators neurons (Staley and Mody, 1992 ; Golding and Oertel, Figure 1 . Expression of ClC-2 mRNA and Protein in DRG Neurons Transduced with an Adenovirus Vector Encoding ClC-2 (A) ClC-2 mRNA was detected in DRG neurons infected with dl327-ClC-2 but not 300Bst␤gal. Northern blot analysis was performed on 20 g of total RNA prepared from DRG neurons infected with a MOI of 50 48 hr previously. A RNA with the predicted electrophoretic mobility ‫3ف(‬ kB, denoted by the asterisk) is detected in the RNA from DRG neurons infected with dl327-ClC-2 (lane 1), but not with 300 Bst ␤gal (lane 2). The same blots were then reprobed using a human actin probe to demonstrate that comparable amounts of intact RNA were present in neurons infected with dl327-ClC-2 (lane 3) and 300 Bst␤gal (lane 4). The mobilities of the ribosomal bands used as size standards are indicated by arrowheads. (B) ClC-2 mRNA and protein were expressed from an adenoviral vector. In situ hybridization (1 and 2) signal or immunohistochemical staining of protease permeabilized neurons (3 and 4) was detected 2 days after transduction with ClC-2-expressing virus (2 and 4) but not in neurons infected with the control (␤-galactosidase-expressing virus (1 and 3). No in situ signal was detected with the sense-strand control probe (data not shown). Scale bar, 50 m (applies to all panels). (C) ClC-2 expression was stable in DRG neurons in culture. DRG neurons were transduced as described above with either 300 Bst␤gal (1) or dl327-ClC-2 (2, 3, and 4). DRG cultures were processed 48 hr (1 and 2), 7 days (3), or 14 days (4) after transduction for immunohistochemistry for detection of ClC-2. Scale bar, 100 m (applies to all panels). (Staley, 1994; Smith et al., 1995) , both of which are nontions, GABAA receptor activation would simply increase the membrane conductance so that the function of the specific (Legendre and Westbrook, 1991; Kawasaki et al., 1994) . The lack of a specific ClC-2 antagonist makes GABA A receptor would change from excitation to shunting inhibition (Koch et al., 1983 ; Staley and Mody, it impossible to clearly establish this function of ClC-2 pharmacologically. Further, the neuronal studies were 1992; Staley, 1994) . De novo expression of ClC-2 in DRG neurons would thus do the following: first, establish the performed with the blind patch technique, and de novo expression in oocytes suggested that ClC-2 functions neuronal function of ClC-2 without the aid of specific pharmacological antagonists; second, demonstrate the to regulate cell volume (Grunder et al., 1992) . It was therefore possible that the neuronal studies, which did impact of ᭞ anion on GABA A receptor function; and third, indicate the utility of altering ᭞ anion as a means of changnot assess cell volume, had missed the primary role of ClC-2. De novo expression of ClC-2 in identifiable ing the effect of GABAA receptor activation. neurons that do not naturally express the conductance (Smith et al., 1995) is an unambiguous way to establish Results the neuronal function of ClC-2 by correlating the presence of ClC-2 with the postulated neuronal effects.
An adenovirus vector was used to express ClC-2 in DRG To establish the neuronal function of ClC-2 as a regucells, since these vectors have proven to be an efficient lator of ᭞ anion , we expressed ClC-2 de novo in DRG method for expressing novel gene products in neurons neurons, in which the GABA response is normally depoboth in vivo and in vitro (Le Gal La Salle et al., 1993; larizing (Eccles et al., 1962; Nicoll and Alger, 1979; AlDavidson et al., 1993) . The adenoviral vector was convarez- Leefmans et al., 1988; Ault and Hildebrandt, 1994;  structed to express ClC-2 under the control of the viral Rohrbough and Spitzer, 1996) . If our understanding of E1A promoter in an E3 deletion mutant background neuronal ClC-2 function is correct, ClC-2 must be either (dl327) (Schaack et al., 1995) . Transduction of DRG neunonfunctional or not expressed in these cells. De novo ronal cultures with the adenovirus vector expressing expression of ClC-2 in sufficient quantity in these neuClC-2 (dl327-ClC-2) resulted in appearance of a ClC-2 RNA signal detected by Northern blot and in situ hybridrons should lead to constitutive Cl Ϫ efflux that would prevent significant Cl Ϫ accumulation, thereby clamping ization 48 hr after infection. ClC-2 mRNA was not present in untransduced control cultures, nor cultures trans-E Cl at or near RMP. This should result in a large negative shift of EGABA, preventing significant GABAA receptorduced with a control vector expressing ␤-galactosidase (300 Bst ␤gal) (Figure 1 ). At least 95% of ClC-2-transduced mediated membrane depolarization. Under these condi- Ϫ conductance in control DRG neurons. Top: membrane potential response to Ϫ200 pA current injection reflected passive membrane properties only. Bottom: no voltage-dependent conductances were activated at negative test potentials (Ϫ20 mV steps) from a holding potential of Ϫ5 mV in a voltage clamp recording from a DRG neuron in which all cationic conductances were blocked. Top tracing is membrane potential, bottom tracing is membrane current. Electrode Cl Ϫ ϭ 12 mM (top) and 60 mM (bottom). (B) An inwardly rectifying Cl Ϫ conductance was demonstrated in neurons expressing ClC-2 with the same protocols and conditions as used in (A) and in studies of ClC-2 in cortical neurons (Staley, 1994; Smith et al., 1995) . Top: voltage sag typical of an inwardly rectifying conductance is seen with hyperpolarizing current injection (Ϫ200 pA). Bottom: using the same protocol as in (A), a slowly developing inward current was activated at test potentials negative to E Cl. (C) Voltage-dependent activation of ClC-2. Top: subtraction of initial clamp current from clamp current at the end of the voltage step revealed the amplitude of the slowly developing inward rectifier current (Staley, 1994) . Bottom: the activation of the inwardly rectifying conductance can be described by the Boltzman equation with E Cl ϭ Ϫ14 mV, V1/2 ϭ Ϫ34 mV, and a slope factor of 13 mV (Staley, 1994) .
DRG neurons demonstrated positive immunohistotransduction. The conductance and activation properties of the ClC-2 channel expressed in DRG neurons chemical staining with an affinity-purified antibody directed against the cytoplasmic amino-terminal domain were identical to ClC-2 naturally expressed in cortical neurons and recorded under the same ionic conditions of ClC-2 by 48 hr post-transduction that was never present in control neurons ( Figure 1C ). Expression of ClC-2 ( Figure 2 ; Staley, 1994; Smith et al., 1995) . Activation of PKC with 10 M phorbol 12,13-dibutyrate (PdBu) was readily detected by immunohistochemistry for up to 14 days in culture, indicating that viral gene transduction blocked ClC-2 currents in four of four cells, and ClC-2 was also blocked by 100 M Zn 2ϩ in four of four cells was well tolerated ( Figure 1C ). Changes in the neuronal density were not detected with either the control tested ( Figure 3) . Thus, the pharmacology of the expressed channel was identical to the native conduc-(␤-galactosidase) or ClC-2-encoding virus. Thus, mRNA and protein assays indicated that the adenoviral vector tance characterized in hippocampal pyramidal cells (Madison et al., 1986; Staley, 1994; Smith et al., 1995) . transduced essentially all of the neurons in tissue culture without significant effects on neuronal viability.
All cells infected with ClC-2 fired action potentials during depolarizing current injection, and the action potential Whole-cell recordings in cultured DRG neurons transduced with the virus expressing ClC-2 demonstrated threshold and RMP of the neurons expressing ClC-2 were not changed (Table 1) . However, the input conducan inwardly rectifying Cl Ϫ conductance that was never detected in control neurons (control neurons included tance of the neurons expressing ClC-2 was nearly double that of control neurons, consistent with constitutive neurons transduced with the control virus, n ϭ 36, and untransduced neurons, n ϭ 22) (Figure 2 ). The amplitude activation of ClC-2. The increase in input conductance supports the predicted function of ClC-2 in these neuof the ClC-2 current was small and variable in the first 24 hr following transduction, but large and consistent at rons: ongoing conductive Cl Ϫ efflux. To determine whether ClC-2 expression affected times 48 hr following transduction; electrophysiological studies were therefore performed 48-72 hr following ᭞ anion , voltage clamp experiments were performed in . Bath application of 100 M ZnCl2 blocked the inward current relaxation, as reported for neurons that naturally express ClC-2 (Staley, 1994) . The reduction in leak conductance by zinc is a nonspecific effect rather than evidence for block of constitutively activated ClC-2, because ClC-2 is minimally activated at Ϫ10 mV under these ionic conditions ( Figure 2C ; Staley, 1994) . (B) Summary of block of ClC-2 by 100 M ZnCl 2 (n ϭ 4) or PKC activation (Madison et al., 1986 ) using 10 M phorbol dibutyrate (n ϭ 4). Bars represent the average ClC-2 current Ϯ standard error. Protocol as illustrated in (A); ClC-2 current amplitude was calculated based on inward current relaxations measured as in Figure 2C . As previously reported (Staley, 1994) , ClC-2 current could be demonstrated in only one of four recordings 30 min after removal of phorbol, and zero of four recordings after removal of ZnCl 2.
HCO3
Ϫ -free media using both whole-cell and Cl Ϫ -imperExpression of ClC-2 in DRG neurons constrained ECl to values very near the membrane potential (Figure 4 meant gramicidin-perforated patch recordings (Reichling et al., 1994) . Confirming earlier studies in DRG cells and Table 1 ; Staley, 1994; Smith et al., 1995) . Figure 4A illustrates a voltage clamp experiment that demonusing sharp (Gallagher et al., 1978) , ion-selective (Alvarez-Leefmans et al., 1988) , and perforated patch elecstrates the impact of this effect. In this experiment, the direction of Cl Ϫ flux through the GABA A ionophore at trodes (Rohrbough and Spitzer, 1996) , the reversal potential for Cl Ϫ currents induced by GABA A receptor membrane potentials near the RMP was reversed, independently of the test potential, by changing the holding activation in control DRG neurons was very depolarized relative to RMP, could not be controlled by dialysis with potential. This seemingly paradoxical result was obtained because E Cl was determined by the rate of ongolow Cl Ϫ electrode solutions, and was not influenced by the membrane potential: E Cl ϭ Ϫ30 mV using 12 mM ing Cl Ϫ efflux through ClC-2, and this rate depended on the holding potential ( Figure 4B ). Cl Ϫ efflux through electrode Cl Ϫ (predicted E Cl for passive transmembrane Cl Ϫ distribution ϭ Ϫ64 mV; Table 1 ); Ϫ14 mV using 25 ClC-2 had a much larger impact on E Cl than did dialysis with low Cl Ϫ electrode solutions in control neurons: at mM electrode Cl Ϫ (passive ECl ϭ Ϫ45 mV; n ϭ 4); and Ϫ1 mV using gramicidin-perforated patch electrodes a holding potential of Ϫ68 mV, ECl ϭ Ϫ60 mV in wholecell recordings using 12 mM Cl Ϫ (Table 1) , Ϫ48 mV using (passive ECl ϭ holding potential ϭ Ϫ40 mV; n ϭ 3). Thus, although it is possible to alter neuronal ᭞anion such that 25 mM Cl Ϫ (n ϭ 2, Figure 4D ), and Ϫ55 mV in gramicidin recordings (n ϭ 3). ClC-2 expression thus increased the ECl is shifted toward 0 mV by altering the Cl Ϫ content of either the intracellular (Staley, 1994) or extracellular input conductance and decreased the intracellular Cl Ϫ concentration, consistent with constitutive activation of (Avoli et al., 1990 ) media, the reverse is less effective: lowering the intracellular Cl Ϫ by dialysis with low Cl Ϫ ClC-2 and ongoing Cl Ϫ efflux at a rate that was significant with respect to the rate of inward Cl Ϫ transport. solutions produced smaller shifts in E Cl , suggesting that the rate of Cl Ϫ transport into DRG neurons approximated To determine the effects of the ClC-2-induced alterations of ᭞ anion on GABA A receptor function, we meathe rate of diffusion of Cl Ϫ from the cytoplasm to the recording pipette.
sured the change in membrane potential from RMP in from Ϫ19 to Ϫ63 mV (Table 1) corresponds to a change Two surprising results of this study were how well ClC-2 was expressed and how well neurons tolerated the large changes in Cl Ϫ i induced by ClC-2 expression. If ClC-2 expression had been variable with respect to response to GABA application to the soma of the DRG neurons. GABA was applied using successively longer the amount needed for alteration of ᭞ anion , this should be reflected in variability of E GABA and the input conducpressure applications until the maximum membrane potential response was obtained, or action potentials were tance of the neurons expressing ClC-2. The low standard error of these parameters (Table 1) indicates that exprestriggered. In all control primary afferent neurons, GABA application resulted in large membrane depolarizations sion of ClC-2 by 48 hr post-transduction was more uniform than suggested by the mRNA and protein assays from RMP that frequently triggered action potentials ( Figure 4C and Table 1 ). In DRG neurons expressing ( Figure 1) ; this may reflect differences in the sensitivities of the functional versus in situ assays. Expression of ClC-2, the membrane potential response to GABA application was much smaller than in control neurons, and ClC-2 was well tolerated osmotically, perhaps because the osmotic effects of intracellular Cl Ϫ loss in neurons the maximum membrane potential response never triggered action potentials, despite a higher average GABAexpressing ClC-2 was lessened by homeostatic compensations such as accumulation of other osmolytes mediated conductance ( Figure 4D and Table 1 ). The higher average GABA-mediated conductance in ClC-2 (Yancey, 1994) . Neurons tolerate transient, osmotically significant alterations in Cl Ϫ i under physiological condiversus control neurons was related to the protocol (larger GABA applications if no action potential response tions, based on the activity-dependent increases in Cl
that occur in hippocampal pyramidal cell dendrites, elicited) rather than an alteration in the sensitivity to GABA.
where ᭞ anion can be reversed by Cl Ϫ influx as a result of intense synaptic activation of GABA A conductances Thus, despite active Cl Ϫ accumulation by DRG neurons (Alvarez- Leefmans et al., 1988; Rohrbough and (Staley et al., 1995) . The excitatory anionic flux that results from this shift in ᭞ anion differs from that depicted Spitzer, 1996), continual Cl Ϫ efflux via ClC-2 prevented ECl from becoming significantly more positive than RMP.
in Figure 4 , since the excitatory anionic flux in pyramidal cells is due to a temporary alteration in ᭞anion, and is Because Cl Ϫ efflux via ClC-2 occurs down the electrochemical gradient provided by an ECl that is positive to carried by HCO3 Ϫ ions . The experiments in this study were performed in HCO3 Ϫ -free media; RMP (Staley, 1994; Smith et al., 1995) , ClC-2 expression is not sufficient to cause a hyperpolarizing GABA reunder physiological conditions, HCO3 Ϫ would cause the resting EGABA to be several mV more positive, but still sponse: Cl Ϫ efflux goes to zero as ECl approaches RMP. Nevertheless, GABA A receptor activation inhibits neubelow action potential threshold based on the relative permeabilities of Cl Ϫ and HCO 3 Ϫ (Bormann et al., 1987 ; rons in which E Cl is close to RMP owing to the increase in membrane conductance and consequent shunting of Kaila, 1994; Staley et al., 1995) . Like the K-Cl Ϫ cotransporters (Alvarez-Leefmans, more strongly depolarizing currents (Staley and Mody, 1992 For each experiment, the top trace is a schematic of the voltage clamp protocol, and the lower trace is the Cl Ϫ current evoked by somatic GABA application (arrow) at the indicated test potentials 4 s after stepping from the holding potential. Because ClC-2 links E Cl to the membrane potential, an unusual result is obtained: an inward current is evoked at Ϫ56 mV, while at the more negative test potential of Ϫ61 mV, an outward current (rather than a larger inward current) is evoked. This occurred because when the test potential was equal to holding potential (Ϫ56 mV, open diamond), Cl Ϫ flux through ClC-2 offset the Cl Ϫ accumulation in the DRG cell, so that E Cl was just positive to the test potential, and a small inward current flowed through the GA-BA A ionophore. A larger inward current would be expected at the more negative test potential of Ϫ61 mV (open circle), but the current was outward because in this experiment the membrane potential had been clamped at an even more negative holding potential (Ϫ81 mV). This induced a prolonged Cl Ϫ flux through ClC-2 that drove E Cl close to the holding potential, making E Cl more negative than the test potential. (B) Plot of the time-averaged currents evoked at other test potentials (same cell and conditions as [A] ). E Cl was 20 mV more positive when the membrane potential was held at Ϫ56 mV (open diamond) versus Ϫ81 mV (open circle). Solid line is the best fit constant field current equation (Hodgkin and Katz, 1949; Staley, 1994) . The slope of the currentvoltage relation is lower for the negative holding potential owing to increased loss of intracellular Cl Ϫ via ClC-2 at the negative test potential. In a control DRG neuron, E Cl shifted by less than 1 mV when the holding potential was changed from Ϫ67 mV (filled circle) to Ϫ37 mV (filled diamond). (C) Membrane potential response to GABA applied to the soma. Top tracing: in a control neuron, depolarizing response to GABA A receptor activation (arrow) at RMP (Ϫ61 mV) triggered a burst of action potentials. Bottom tracing: the depolarizing response was attenuated in a DRG neuron expressing ClC-2, and no action potentials were triggered at RMP (Ϫ60 mV). Electrode solutions contained 25 mM Cl Ϫ (passive ECl ϭ Ϫ45 mV). Average GABA responses of control versus CLC-2 neurons are listed in Table 1 . (D) GABA does not excite DRG neurons expressing ClC-2 owing to a negative shift in E Cl. Voltage clamp recordings of the time-averaged membrane current response (circles) versus test potential using the same cells and GABA applications shown in (C). Holding potential ϭ Ϫ57 mV (ClC-2) and Ϫ43 mV (control). Control holding potential was more positive in order to inactivate voltage-dependent cationic conductances at positive test potentials near the E Cl of control neurons. Solid lines represent the best fit constant field equation. In the DRG neuron expressing ClC-2, the reversal potential of the GABA response was 25 mV more negative, and the GABA conductance was 1.4 times larger, than the control neuron.
ClC-2 represents a steady depolarizing effect on the cell studies, the Cl Ϫ efflux through ClC-2 was a consequence of acute maximal neuronal Cl Ϫ loading via dial-RMP (Staley, 1994) that is counteracted by hyperpolarizing increases in K ϩ conductances. High rates of Cl Ϫ ysis of the intracellular fluid with high Cl Ϫ electrode solutions, while in the DRG neurons the Cl Ϫ efflux was efflux via ClC-2 in pyramidal cells studied in the hippocampal slice caused the RMP to depolarize (Staley, ongoing, providing time for up-regulation of the conductances and ion pumps responsible for maintaining the 1994; Smith et al., 1995) , which did not occur in the DRG neurons (Table 1 ). The stability of the RMP in the DRG RMP. Altering ᭞ anion genetically may thus permit acute versus chronic effects of alteration of ᭞ anion to be differneurons may have been due in part to the larger extracellular space in the cultured neurons, which rendered the entiated. The data establish that it is possible to apply the K ϩ concentration gradient less susceptible to degradation. Another explanation for the minimal effect of excriteria developed for understanding neurotransmitter function to the study of transmempression of ClC-2 on the RMP in this study is the difference in the time course of the Cl Ϫ efflux: in the pyramidal brane ion channels: de novo expression of the channel protein permits correlation of the presence of the protein modification of ᭞anion reversed the function of the GABAA receptor through a mechanism that does not involve and the postulated physiological function. This approach is well suited to investigation of neuronal Cl Ϫ the complexities inherent in altering the expression of receptor subunits. homeostasis, since the molecular characterization of neuronal Cl Ϫ channels and transporters is much more
Experimental Procedures
advanced than the pharmacology (Greger, 1990; White and Aylwin, 1990; Alvarez-Leefmans, 1990 ; Jentsch et Neuronal Culture al., 1995). These techniques may help resolve the intri-DRG neurons were grown in tissue culture as described (Smith et al., guing links between anionic homeostasis and neuronal 1994), and cultures infected with 50 plaque-forming units/neuron, function, for example, the alteration of network excitabilwhich infect at least 95% of neurons. Northern blots: total RNA (20 ity by diuretics (Hochman et al., 1995; Jarolimek et al., g ) from DRG cultures was prepared as described previously (Smith et al., 1994 ) from neuronal cultures infected 48 hr previously with 1996), which unfortunately may block the GABAA recepeither dl327-ClC-2 or 300Bst␤gal, electrophoresed in 1.0% agarosetor (Nicoll, 1978; Pearce, 1993) atory conductances by ClC-2 may be circumvented in was driven by the E1A promoter. The previously described clone future studies by expression of proteins other than ion ClC-2 (Thiemann et al., 1992) , which contains a ClC-0 leader sechannels, for instance, electroneutral transporters, or quence followed by the ClC-2 coding sequence, was directionally expression of antisense RNA for the native transporters.
cloned into plasmid pXC15-E1A (generous gift of I. Maxwell). pXC15-E1A was constructed from the first 5788 bp of adenovirus
The approach used here may be useful in clarifying by replacing the viral sequence from 502-3328 with a polylinker.
the long-standing problem of the physiological role of ClC-2 coding virus was recovered by homologous recombination the GABAA receptor in DRG neurons in vivo (Eccles et and plaque color selection, and purified as described (Schaack et al., 1962; Nicoll and Alger, 1979; Ault and Hildebrandt, al., 1995) . . In situ hybridization using digoxigenin-labeled riboprobes was performed as described (Smith et al., 1994 (Smith et al., , 1995 , using sequences ionophore (Twyman et al., 1989) , but these agents fail directed against the amino-terminal domain. Immunohistochemistry to control most neonatal seizures (Scher et al., 1993 ; (Smith and Johnson, 1988) used affinity-purified antibodies directed Hahn, 1993) , a result that is not unexpected given the against a glutathione-S-transferase-ClC-2 fusion protein at an anti᭞anion maintained by immature neurons (Cherubini et al., body concentration of 1 g/ml. Proteinase K (1 g/ml at 37ЊC for 1991; LoTurco et al., 1995) . Therapeutically, this ap-20 min) was used in some experiments to enhance detection of proach represents an alternative strategy for modifying intracellular antigens (Smith et al., 1994) . Antibody staining was detected by the avidin-biotin-peroxidase complex method (Vector the excitability of DRG neurons in situations such as Laboratories, Burlingame, CA) using diaminobenzidine enhanced medically intractable pain (Collins et al., 1995) and spaswith nickel as the chromagen. ClC-2 antiserum: rabbits were immuticity (Morota et al., 1995) that are now treated with nized by standard protocols with a purified GST-ClC-2 fusion protein surgical denervation. The modification of ᭞ anion reprecontaining the ClC-2 region from base pairs  sents an alternative approach to the pharmacological 1992) in frame with pGST-2T (Pharmacia). Fusion protein purified manipulation of ionotropic neurotransmitter receptor by glutathione affinity chromatography (Smith and Johnson, 1988) was used to prepare an affinity matrix by linkage to cyanogen brofunction: the actions of drugs that alter the conductance mide-activated sepharose 4b for antibody purification (Pharmacia, through which postsynaptic currents flow can be comPiscataway, NJ).
plemented by modifying the driving force for those cur- Genetic modification of neurotransmitter function in dl327-ClC-2 or 300Bst␤gal were fixed overnight with 4% paraformalsitu is a potentially powerful technique both for underdehyde and mounted with a commercial medium (Aqua-Polymount, Polysciences, Warrington, PA). The somatic areas of ten neurons standing the function of the nervous system and for from five random fields were captured for analysis using a Nikon intervention in the case of dysfunction (Miller, 1989) .
Optiphipot-2 equipped with a Hoffman optics and a CCD camera.
However, the complexity of this task has prevented its Area of cell somas was measured using NIH Image version 1.59. (1993) . A model system for in vivo gene transfer into the all electrode solutions was 131 mM. Gramicidin-perforated patch central nervous system using an adenoviral vector. Nature Genet. recordings were performed as in Reichling et al. (1994) : gramicidin 16, 219-223. (Sigma, St. Louis, MO) was dissolved in DMSO or methanol at 1 mg/ml, then suspended in the electrode solution at 50-100 g/ml.
Eccles, J.C., Magni, F., and Willis, W.D. (1962) . Depolarization of The tip of the electrode was filled with the same solution but without central terminals of group I afferent fibres from muscle. J. Physiol. gramicidin. Gigaohm seals were formed and the access resistance (Lond.) 160, 62-93. was monitored; when <50 M⍀, the recording began. Gramicidin Gallagher, J.P., Higashi, H., and Nishi, S. (1978 Grunder, S., Thiemann, A., Pusch, M., and Jentsch, T.J. (1992) . Re-M in ACSF applied by pressure pulses of 5-100 ms ϫ 40 through gions involved in the opening of ClC-2-chloride channel by voltage a 1 m diameter pipette tip. Recordings using an Axopatch 1D and cell volume. Nature 360, 759-762. amplifier were digitized at 0.5 KHz with Strathclyde ElectrophysiolHahn, J.S. (1993) . Controversies in treatment of neonatal seizures. ogy software. ClC-2 current was calculated as the inward current Pediatr. Neurol. 9, 330-331. relaxation during voltage steps ( Figure 2B ), i.e., the difference between initial clamp current after settling of the capacitance transient Hochman, D.W., Baraban, S.C., Owens, J.W.M., and Schwartzkroin, P. (1995) . Dissociation of synchronization and excitability in furoseand the current during the last 50 ms of the voltage step. Lines in Figure 2C were fit as described in Staley (1994) . mide blockade of epileptiform activity. Science 270, 99-102.
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